





well-understood	laws	of	thermodynamics	(such	as	the	modelling	of	thermal	radiation	by	a	blackbody	spectrum)	to	the	study	of	the	evolution	of	the	early	universe.	However,	any	form	of	anisotropic	expansion	of	the	Universe,	or	fluctuations	in	the	density	of	the	universe,	would	be	encoded	as	temperature	anisotropies	in	the	CMB	at	the	time	of	last	scattering	and	could	not	be	modelled	by	classical	thermodynamics	[2].		1.2	CMB	Temperature	Anisotropies	Having	confirmed	that	the	CMB	is,	to	a	large	degree,	isotropic,	current	studies	of	the	CMB	determine	how	and	to	what	degree	the	CMB	is	anisotropic.	Knowing	that	the	anisotropy	is	small	compared	to	the	blackbody	behaviour	of	the	CMB,	one	natural	modelling	of	the	anisotropy	is	as	noise	–	via	a	Gaussian	random	field	of	unit	variance.	For	noise-like	phenomena,	we	are	interested	in	the	amplitude	of	anisotropies	as	a	function	of	scale.	Physically,	we	wish	to	study	the	angles	through	which	CMB	power	is	subtended	on	the	present-day	sky.	Since	the	CMB	field	is	defined	on	the	surface	of	a	sphere,	we	must	solve	Laplace's	equation	to	study	the	angular	decomposition	of	CMB	anisotropy:	∇h𝜓 = 0	𝜓 𝜃, 𝜙 = 	Θ 𝜃 Φ 𝜙 = 	0	Φ 𝜙𝑠𝑖𝑛𝜃 𝑑𝑑𝜃 sinθ dΘ 𝜃𝑑𝜃 + Θ 𝜃𝑠𝑖𝑛h𝜃 𝑑hΦ 𝜙𝑑𝜙h + 𝑙(𝑙 + 1)Θ 𝜃 Φ 𝜙 = 	0			the	solution	to	this	equation	on	a	sphere	are	the	spherical	harmonic	functions	[5]:		
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𝜓 = 2𝑙 + 1 𝑙 − 𝑚 !4𝜋 𝑙 + 𝑚 ! 𝑃{| 𝑐𝑜𝑠𝜃 𝑒| ≡ 𝑌{|(𝜃, 𝜙)		for	l	≥ 0	and	m	=	-l,…,l.	where	the	spherical	harmonics	are,	in	effect,	normalized	Legendre	polynomials,	Pl	:	𝑌{| 𝜃, 𝜑 = 𝑁𝑒|𝑃{|(𝑐𝑜𝑠𝜃)	where	N	is	a	normalization	constant.	It	is	useful	to	note	that	the	multipole	moment,	l,	is	related	to	the	angle	subtended	on	the	sky	by	the	following,	simple,	relation	[6]:	 180𝜃 ~𝑙	An	angular	power	spectrum	decomposition	of	the	CMB	allows	one	to	study	the	amplitude	squared	of	the	magnitude	of	CMB	temperature	fluctuations	as	a	function	of	the	angle	subtended	on	the	CMB	sky.	Experimentally,	we	must	analyze	in	pairs	of	directions,	𝑛	and	𝑛′,	that	are	separated	by	an	angle	𝜃	so	that	𝑛 ∙ 𝑛 = 	𝑐𝑜𝑠𝜃.	Averaging	over	all	such	pairs,	we	obtain	a	two-point	correlation	function,	C(𝜃)	[6].	< 𝑑𝑇 𝑛 𝑑𝑇 𝑛 >≡ 𝐶 𝜃 = 2𝑙 + 14𝜋 𝐶{𝑃{(𝑐𝑜𝑠𝜃){ 	Using	the	flat-sky	approximation,	an	analysis	of	the	CMB	anisotropies	may	be	further	simplified	into	a	series	of	operations	to	be	performed	on	a	2x2	matrix	of	sky	data	[7].	Multipole	moments,	𝑙,	are	directly	related	to	the	conventional	k-modes	of	a	2D	discrete	Fourier	transform.	Indeed,	𝑙	can	be	interpreted	as	a	radial	Fourier	mode	[7]:	𝑙 = 2𝜋𝑘 = 2𝜋 𝑘h + 𝑘h		
Thus,	under	the	assumption	that	the	universe	is	isotropic	(no	x-direction	is	preferred	to	any	y-direction,	and	vice	versa),	we	can	model	two	degrees	of	anisotropy,	x	and	y,	with	one	variable,	𝑙.	Further,	according	to	the	convolution	theorem,	a	convolution	(*)	in	the	time-domain,	where	us	cosmologists	observe	the	universe,	is	equivalent	to	multiplication	(⋅)	in	the	frequency	domain,	the	space	occupied	by	the	output	of	a	CAMB	simulation.	Specifically	[5],	𝐹 	𝐹 𝐴 ⋅ 𝐹 𝐵 = 𝐴 ∗ 𝐵		Using	this	relation,	we	may	model	CMB	temperature	anisotropies	as	a	convolution	of	a	Gaussian	random	field	across	our	angular	power	spectrum,	𝐶{.	Let	us	now	use	this	theoretical	understanding	of	temperature	anisotropies	to	analyze	an	ideal	simulation	of	the	CMB	power	spectrum.	The	data	used	in	this	analysis	was	generated	by	inputting	standard	ΛCDM	parameters	into	A.	Lewis	and	A.	Challinor's	Code	for	Anisotropies	in	the	Microwave	Background	(CAMB).	I	used	an	iPython	notebook	to	structure	my	analysis,	program	functions	in	Python,	and	observe	the	analysis	through	a	convenient	web-based	interface.	Much	of	the	code	used	for	my	analysis	was	written	by	J.	J.	McMahon	and	R.	Hlozek	for	their	2016	Summer	School	on	CMB	Data	Analysis	[7].	Exercises	were	left	for	summer	school	students	to	complete	individually;	solutions	to	these	exercises	motivate	much	of	my	analysis.		A	CAMB	simulation	outputs	power	spectrum	components,	𝐷{,	which	are	related	to	the	
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